It is essential to know the space-time structure of the nonlocal vacuum condensates for application to medium energy processes. We use the DysonSchwinger formalism to obtain self-consistent equations to test possible forms for the nonperturbative quark and gluon propagators.
I. INTRODUCTION
It has long been known that chiral symmetry breaking requires a nonperturbative quark propagator with non vanishing vacuum matrix elements of normal ordered products of quark fields [1] , called quark condensates. These condensates would vanish in a perturbative vacuum but do not vanish in the present vacuum, and are of central importance both for the structure of hadronic matter and for the study of the early universe chiral phase transition. A systematic treatment of hadronic masses can be carried out [2] [3] [4] using operator product expansions in terms of vacuum matrix elements of local operators, the vacuum condensates, whose phenomenological values have been confirmed in lattice gauge calculations [5] . As was discussed in early work on the magnetic dipole moments of nucleons [6] , for application to form factors and transition matrix elements in the low to medium momentum transfer region the operator product expansion cannot be used, since long distance properties of nonlocal operators must be treated.
One approach to this problem of treating bilocal operators has been the use of nonlocal condensates, which have been introduced to represent the bilocal vacuum matrix elements needed for the pion wave function [7] and pion form factor [8] for low to medium momentum transfer. In this method one does not carry out an O.P.E. for the vacuum matrix elements of the bilocal operators, but introduces new phenomenological functions needed to characterize the space-time structure of the nonlocal condensates. Both the forms of these functions and the parameters are found by fits to experiment as well as considerations of analyticity. E.g., in a study of parton distribution functions [9] the space-time scale of a nonlocal condensate was determined by a fit of a monopole form in space-time to experiment data. On the other hand, in a recent use of nonlocal condensates to determine the values of vacuum susceptibilities [10] , which characterize the nonperturbative quark propagation in an external field [11] , it was found that the monopole form did not have suitable analytic properties, and a space-time dipole form was used to fit the low-x parton data. Although a satisfactory fit to the phenomenological pion susceptibility [12] was found, it is a good example of the importance of determining the structure of the nonlocal condensates for application to transition matrix elements over a wide range of momentum transfer.
For detailed information about hadronic structure one needs the Bethe-Salpeter (B-S) amplitudes [13] which give a complete description analogous to wave functions for a quantum mechanical description of states. In practice the B-S kernel kernel must include both perturbative and confining QCD mechanisms, as seen in the treatment of the pion form factor [14] , and thus one must rely on models. However, it is possible to treat many hadronic properties starting with local composite field operators, the currents of the QCD Sum Rule Method [2] [3] [4] , and using two-point or three-point functions as in effective field theories. With this starting point one needs the nonperturbative quark propagator, as well as four-quark matrix elements, and so forth. In principle, the quark propagator can be obtained from the Dyson-Schwinger equation [13] , however that requires the knowledge of the dressed quark-gluon vertex and dressed gluon propagator, so that in effect one must once again consider models. The advantage of the Dyson-Schwinger approach is that one can use its self-consistency to test forms for the propagators, which is the characteristic used in this paper.
In recent years there has been a great deal of work using the Dyson-Schwinger approach in the "rainbow" approximation, in which the perturbative form is used for the quarkgluon vertex [15] [16] [17] [18] [19] . Other studies using the the Dyson Schwinger formalism use different approximations [20] to determine the nonperturbative quark propagator. It has been shown that in the rainbow approximation the value of the quark condensate [15, 21] and the mixed quark condensate sate [22] can be obtained with suitable choices of the gluon propagator.
In the present work we apply the rainbow approximation to investigate the forms of the nonlocal quark condensate and gluon propagator using the same phenomenological gluon propagators as in Ref. [21] . We find that the dipole form with the parameter close to the one found from fits to the sea-quark distribution [9, 10] can be obtained.
II. NONLOCAL QUARK CONDENSATE FROM DYSON-SCHWINGER APPROACH
The quark propagator is defined by
where q(x) is the gluon field and T the time-ordering product. For the physical vacuum S q (x) has a perturbative and a nonperturbative part. In the case of vanishing current quark masses (m 0 = 0) we can write
Note that a normal-ordered product, and thus S N P q (x), does not vanish in the nonperturbative vacuum. For short distances, the O.P.E. for the scalar part of S N P q (x) gives
in which the local operators of the expansion are the quark condensate, the mixed condensate, and so forth. In Ref. [10] it is shown that with a choice of nonlocal condensate
and κ 2 = 0.18 GeV 2 , one can fit the low-x quark distributions and also the pion susceptibility. In the Dyson-Schwinger formalism S N P q (x) is related to the quark self-energy, Σ(x),
The quark self energy Σ(p) satisfies the Dyson-Schwinger equation:
with D Writing
one obtains in the rainbow approximation Γ
in Euclidean space [15, 16, 19] [A(
where the gauge has been chosen so that
Mesonic bound states can be studied within this framework by solving the ladder Bethe Salpeter equations for the correspondingqq bound states. Various mesonic properties have been studied in Refs. [15] [16] [17] . In Ref. [21] a detailed investigation of the low energy sector was performed by deriving the general form of the effective chiral action for the SU(3) Goldstone bosons and determining f π and most of the chiral low energy coefficients (Gasser-Leutwyler coefficients) L i , which, in turn, determines the physics of the π, K and η mesons at low energies [23] . The non local quark condensate <:q(x)q(0) :> is given by the scalar part of the Fourier transformed inverse quark propagator:
from which the nonlocality g(x 2 ) can be obtained immediately by dividing through the local condensate <:q(0)q(0) :>. The µ denotes the renormalization scale.
Because the exact form of the gluon propagator in the IR region is unknown, we try various model ansätze for g s 2 D(q 2 ) as input and investigate the the x 2 dependence of the function g(x 2 ) for these forms.
In order to do so we solve the set of integral equations (9) self consistently for a given model form for g s 2 D(q 2 ) obtaining the quark propagator functions A(p 2 ) and B(p 2 ), which, in turn will allow us to calculate g(x 2 ) from (11). The result can then be compared to the dipole fit of Ref. [10] with κ 2 = 0.18GeV 2 . Our model ansatz for the gluon 2 point function in the infrared region is:
The form models the IR behavior of the quark-quark interaction through a "strength" parameter χ and a "width" parameter ∆. We perform the calculation for three sets of parameters:
Set 2: ∆ = 2.0 * 10 −2 GeV 2 ; χ = 1.39GeV
Set 3: ∆ = 2.0 * 10 −1 GeV 2 ; χ = 1.55GeV .
These parameters have been chosen so that they reproduce the correct value for the pion decay constant in the chiral limit f π = 88MeV. Moreover the values of the chiral low energy coefficients L i [23] are compatible with the phenomenological values in all three cases [21, 22] . The form for g s 2 D(s) which was chosen in eq. (12) is of course only appropriate in the infrared region, i.e. for small s. From various other investigations [15, 16, 18, 21] it is known that this region is the most important one for the calculation of low energy hadron ic properties, such as vacuum condensates or the chiral low energy coefficients. Despite this fact it seems desirable to use a gluon propagator which has the correct UV behavior and if possible is also valid in the intermediate momentum region down to about s ≈ 0.5GeV 2 . In order to do so one can derive the O.P.E. for the gluon 2 point function [24] [25] [26] in the gauge defined in eq.(10) up to NLO:
with the definitions
The < G > 2 denotes the gluon condensate. The expansion in (14) can be assumed to be valid for large and intermediate q 2 ≥ 0.5GeV 2 . In the IR region we still use the model form (12) . To incorporate the short distance behavior of the gluon 2 point function into the model form for the quark-quark interaction we take as ansatz for g s 2 D(s)
The term 4 π reflects the running strong coupling and we use Λ = 0.2GeV.
The ξ acts as an infrared cutoff and is chosen to be ξ = 0.05GeV 2 so that the form of eq. (14) is obtained for s ≥ 0.5GeV 2 . For the gluon condensate we adopt the QCD sum rule value g s 2 < G > 2 = 0.474GeV 4 [3, 4] . In order to obtain the phenomenological value for f π = 88MeV we choose the parameters for the IR part as ∆ = 2.0 * 10 −3 GeV 2 and χ = 1.30GeV, which is slightly different from Set 1 in (13) due to the new term in eq. (16) . It turns out that the values of the chiral low energy coefficients L i also differ only slightly from the ones obtained with Set 1. Fig.1 shows the results for g(x 2 ) for the three paramter sets from (13) and compares with the dipole fit of Ref. [10] with κ 2 = 0.18GeV 2 (solid line). As the renormalization scale we have used µ = 1GeV. The result of Ref. [10] is very closely reproduced for Set 1 , i.e. a gluon propagator with a small width parameter ∆ = 0.002GeV 2 in the infrared. Larger values for the width parameter ∆ lead to stronger deviations from the form of Ref. [10] .
III. RESULTS AND DISCUSSION
Finally we have performed the calculation with the ansatz and parameters from eq.(16). It turns out that in the region 0 < x 2 < 20GeV −2 the result for g(x 2 ) can be very accurately fitted by the dipole form g(x 2 ) = 1 (1+κ 2 x 2 /8) 2 with κ 2 = 0.26GeV 2 which is slightly larger than the value obtained in Ref. [10] . 
